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Introduction
A microfluidic device can be identified by the fact that it has one or more channels with at least one dimension less than 1 mm. The most common types of microfluidic devices are: (i) soft microfluidic devices fabricated by soft lithography in elastomeric materials such as poly(dimethyl siloxane) (PDMS) [1] , (ii) microfluidic glass devices manufactured by etching or micromachining in quartz glass or glassy polymers such as poly(methyl methacrylate) (PMMA) [2] , and (iii) microchannel (MC) array devices fabricated in single crystal silicon by photolithography and wet-etching or deep-reactive ion etching processing [3] . Microfluidic Tjunctions and flow focusing devices can generate monodispersed droplets with a coefficient of variation in the dripping regime of generally less than 3 %. Although the frequency of droplet generation can be as high as 12,000 Hz for water-in-oil droplets [4] , the throughput in terms of volume flow rate of the disperse phase is very low because the droplets are formed from a single microchannel. These microfluidic devices are investigated for capillary electrophoresis [5] , immunoassays [6] , cellomics [7] , proteomics [8] , DNA analysis [9] , etc.
Microchannel array devices are much more suitable for larger-scale applications, because in these devices the droplets are simultaneously formed from hundreds or even hundreds of thousands [10] of microchannels. The monodispersed droplets produced by MC emulsification have been subjected to various secondary processes/reactions (gelation, polymerisation, crystallisation) to form solid microparticles such as polymer microspheres [11, 12] , gel microbeads [13, 14] , and solid lipid microparticles [15, 16] . Other complex microstructures with a controlled size distribution have also been created using this technique such as gelatin/acacia complex coacervate microcapsules [17] , microbubbles [18] , giant vesicles [19] , discoid droplets [20] , surfactant-free droplets stabilized by silica nanoparticles [21] , gel beads containing living cells [22] , etc. The advantages of using this technique are high entrapment efficiency of encapsulated species and close control of particle size in addition to much greater droplet productivity than that achievable in T-junctions or flow focusing devices.
The MC arrays can be fabricated horizontal to the plate surface as open microgrooves [3] or vertical to the plate surface as straight through holes [23] . The grooved silicon MC plates for blood rheology measurements have been developed by Kikuchi et al. [24] and adopted for droplet generation by Kawakatsu et al. [3] . The grooved MC plates exhibit a low droplet productivity of generally less than 0.1 mLh -1 , due to limited number of channels (100 -1500). The "straightthrough" MC plates developed by Kobayashi et al. [23] consist of several thousands to several hundreds of thousands of MCs and have a maximum droplet productivity in the dripping regime of 50 mLh -1 or even more with a coefficient of variation less than 5 %, estimated using an image analysis software. A straight-through MC plate can be symmetric or asymmetric in structure, as shown in Figure 1 . The symmetric structure of a MC plate implies that the channels are of the same size and geometry over the whole cross section of the plate, i.e. either rectangular ( Fig.   1(a) ) or circular (Fig 1(b) ) [23, [25] [26] [27] . According to Kobayashi et al. [28] , rectangular microslots provide better droplet monodispersity than circular microchannels and a slot aspect ratio (length/width ratio) should be higher than 3 to obtain monodisperse droplets with a coefficient of variation smaller than 2 %.
The aim of this work was to investigate the generation of highly uniform droplets using novel asymmetric straight-through MC plate recently developed by Kobayashi et al. [29] . As shown in Figure 1 (c), the asymmetric plate represents a hybrid between the two MC plates shown in Figures 1(a) and 1(b), with circular channels at the bottom side of the plate and rectangular slots at the top side. This structure is believed to provide an optimal geometry for creation of monodispersed droplets at high generation rates. Monodisperse droplets are advantageous both in fundamental investigations and practical applications. Emulsion appearance and rheology, stability against Oswald ripening and creaming, and the suitability of droplets as templates for manufacturing solid micro/nano-particles are strongly influenced by their particle size distribution.
Experimental

Silicon chip
The experiments have been carried out using silicon 24  24 mm MC plates (EP. Tech Co., Ltd., Hitachi, Japan, model WMS1-3) containing 23,489 MCs arranged within a 10  10 mm central region. As shown in Fig. 2 (a) , the plate was 500 m thick, but it was thinned down to thickness 100 m in the central region. The holes at the four corners of the plate permit a disperse phase to flow beneath the plate, as shown in Figure 3 . The plate was microfabricated by photolithography and deep reactive ion etching (DRIE). Each MC consists of a circular 10-m diameter straight hole with a depth of 70 m and a 50  10 m microslot (an aspect ratio = 5) with a depth of 30 m ( Table 1 ). The distance between the centres of the two adjacent channels in a row was 70 m and the distance between the centres of the channels in the two adjacent rows was 60 m (Figure 2(c) ). Before first usage, the MC plate was subjected to plasma oxidation in a plasma reactor (PR41, Yamato Science Co. Ltd., Tokyo, Japan) to form a hydrophilic silicon dioxide layer on the surface. After each experiment the plate was cleaned in an ultrasound water bath (VS-100 III, As One Co., Osaka, Japan) using a commercial neutral detergent solution and stored immersed in 0.1 M nitric acid solution to maintain its strong hydrophilic nature. (Table 2 ). Most naturally occurring fats are triglycerides -tri meaning that each molecule have three carbon chains. In the MCT oils each chain has 6 -12 carbon atoms, and for the medically refined grades of MCT oil each chain has 8 -10 carbon atoms. The MCT oil used in this work was supplied by Taiyo Kagaku Co. Ltd, Yokkaishi, Japan, while soybean oil and n-tetradecane were purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan).
Chemicals
Experimental procedure
Prior to each experiment, the MC plate was degassed in the continuous phase by ultrasound treatment for 20 min. The dispersed phase was injected through the channels by a syringe pump (Harvard Apparatus, model 11 Plus) at the flow rate of 1 mLh -1 using a 5 mL glass syringe. This oil flow rate was equivalent to the flux value of 10 Lm -2 h -1 . The droplets were formed at the outlets of the microslots and swept away from the plate surface by a continuous phase flow. The flow rate of continuous phase was kept constant at 50 mL/h by another syringe pump using a 50 mL glass syringe. Therefore, the disperse phase content in the exit emulsion stream was approximately 2 vol %. The droplet generation was observed and recorded in real time using a high-resolution color CCD camera (LCL-211H, Watec America Corp. USA)
attached to a microscope (MS-511-M; Seiwa Optical Co., Ltd., Tokyo, Japan) and a PC computer ( Figure 3 ). The droplet generated rate was estimated from the high-speed video clips recorded using a Rabitt mini 2 camera (Photoron, Tokyo), that can provide images at up to 600 frames per second. The particle size distribution of the resultant emulsion droplets was measured using a commercial light scattering instrument (Beckman Coulter LS 13 320, Miami, FL). This instrument incorporates PIDS (Polarization Intensity Differential Scattering) technology to provide a size range that spans from 0.04 to 2000 μm.
Results and discussion
Effect of emulsifier content in continuous aqueous phase
The effect of emulsifier (SDS) content in the continuous phase has been investigated over a wide concentration range between 0.01 and 2 wt% using soybean oil as a dispersed phase. As The highest span value of 0.225  0.007 has been found at 0.01 wt% SDS. However, even at this very low SDS content which is well below the critical micelle concentration of SDS in pure water of 0.2-0.25 wt%, the generated droplets were highly uniform in size, which could be explained by the presence of surface-active agents in soybean oil, such as free fatty acids (e.g., linoleic acid) and the asymmetric structure of MCs that promotes formation of highly uniform droplets. In the experiments with very low SDS concentration (0.01-0.1 wt%), the following problems have been identified: (i) At the SDS concentration of 0.01 and 0.02 wt.%, the soybean oil droplets were not stable against coalescence during storage at room temperature and coalescence occurred after several hours; (ii) A significant amount of droplets were kept attached to the plate surface after generation due to the high interfacial tension force that prevails over the tangential drag force generated by cross flow. The attachment of droplets on the plate surface in the vicinity of the channel outlets as shown in Figure 7 (b) may result in undesirable steric hindrance effects and the decrease in monodispersity at the higher oil fluxes; (iii) At the low SDS concentration, a proportion of active channels showed large variations over the plate surface during the same experiment, as could be seen in Figure 8 . It was also a consequence of pressure drop in continuous phase and was avoided in the experiments reported in the paragraph 3.2 by using an improved design of MC module.
Over the range of SDS concentration of 0.5-2 wt%, which was above the CMC, the mean droplet diameter d 3,2 was 26.3 m and unaffected by the SDS concentration ( Figure 5 ). The mean droplet/channel size ratio of 2.63 was smaller than the mean droplet/pore size ratio of 3.0 found in droplet formation from Shirasu Porous Glass (SPG) membrane within the same range of SDS concentration [32] , but similar to the mean droplet/pore size ratios in membrane emulsification using asymmetric aluminium oxide membranes [33, 34] . The d 3,2 value of 26.3 m is significantly smaller than the average droplet diameter of 39.1 m reported in straight-through MC emulsification for the system containing 1 wt% SDS and soybean oil using a symmetric MC plate with 10  50 m channels [25] . In the case of symmetric channels a growing droplet retain a spherical shape during droplet formation process with an ellipsoidal or circular neck inside the channel [35] , whereas in the case of asymmetric channels, a growing droplet is deformed inside a microslot into an ellipsoidal disc-like shape which is energetically highly unfavorable. As a results, the tendency of dispersed phase to detach is stronger for asymmetric channels and smaller droplets are formed than using symmetric channels.
Over the range of SDS concentration of 0.01-0.1 wt% which is below the CMC, the mean droplet size increased by 8 % as the SDS concentration was reduced from 0.01 to 0.1 wt% ( Figure 5 ), which was a consequence of the increased interfacial tension force. Above the CMC, however, small satellite droplets with the diameter of about 1 m have been formed from some of the channels, as shown in Figure 9 . As pointed out by Tan et al. [36] , satellite droplets have been observed in many droplet generation devices [37] [38] [39] [40] [41] and their generation is a result of the imbalance of capillary forces during the break-off of primary droplet [36] . A typical volume of the satellite droplet is less than 1% of the parent drop [38] . Due to their small quantity, the presence of satellite droplets in our emulsions could not be detected using the Beckman Coulter particle size analyser. Although the generation of satellite droplets is normally regarded as a problem in microfluidic devices, Tan et al. [42] have suggested the exploitation of this mechanism to generate uniform monodispersed nanoparticles.
Therefore, the optimum SDS concentration in our experiments was in the range of 0.2-0.5 wt%, because the droplet coalescence can occur at the SDS concentrations less than 0.2 wt% and the satellite droplets can be generated at the SDS contents higher than 0.5 wt%. Table 3 shows the effects of oil type on the mean droplet size and monodispersity and the The agreement between the experimental and CFD (Computational Fluid Dynamics) simulation data was excellent for soybean oil, but less satisfactory for n-tetradecane. The CFD results for n-tetradecane overestimated the frequency of droplet generation by 28 %, but the agreement was amazingly good for soybean oil with respect to both the frequency of droplet generation and droplet diameter [43] . A commercial CFD code (CFD-ACE+ version 2004) with a finite volume method was used to calculate the droplet generation rate from a single asymmetric channel [43] . The droplet formation time predicted by CFD was very short (less than 0.135 s), so that the interfacial tension was supposed to be equal to the interfacial tension at the pure water/oil interface listed in Table 2 , i.e. the mass transfer of emulsifier molecules to the interface was neglected due to the short time between the droplet appearance on the plate and detachment.
Effect of oil viscosity
The mean velocity of oil inside the circular part of active channels was calculated using the
, where d channel is the diameter of circular channels. It is obvious that U is inversely proportional to the number of active channels and therefore, the highest oil velocity through the channels was estimated for n-tetradecane (Table 3 ). The measured mean Sauter diameter d 3,2 decreased with increasing the oil viscosity, which is consistent with CFD simulation results previously reported for symmetric MC plate [26] . A more viscous oil produced smaller droplets because of the decrease of oil velocity in active microchannels. It is important to note that the particle size distribution span for soybean and MCT oil droplets was significantly lower than that for the droplets generated using Shirasu Porous Glass (SPG) membrane (span = 0.25-0.45) [34, 44] or sintered alumina membrane (span = 0.42-0.56) [45] . The distribution span for n-tetradecane droplets was relatively high indicating a wide distribution, but at the higher fluxes the span values of around 0.25 were obtained (these results are not presented here).
Conclusions
Highly uniform droplets of soybean oil and MCT (medium-chain fatty acid triglyceride) oil with the size distribution span of 0.21-022 and the mean Sauter diameter of 26-29 m have been generated using an asymmetric silicon MC plate consisting of 10  50 m microslots combined with circular 10-m diameter channels. At the constant flow rate of oil through the plate, the mean frequency of droplet generation from the active channels increased with decreasing the oil viscosity and it was compensated by the larger number of active channels at the higher oil viscosity. We have demonstrated the ability of asymmetric MC plate to generate monodisperse soybean oil droplets at very low emulsifier (SDS) concentration of 0.01 wt%. At too low SDS concentrations, droplets tend to attach to the plate surface and form 2D clusters near the outlets of the channels, whereas at the SDS concentration above the CMC they detach from the plate as soon as they are formed. However, at the SDS concentration above 0.5 wt% there is a tendency for small satellite droplets to be formed at some of the channels. However, the amount of satellite droplets was very small, because the presence of these droplets could not be detected using the Coulter particle size analyser. The agreement between the experimental and CFD simulation results was excellent for soybean oil and the poorest for n-tetradecane. The generated droplets of n-tetradecane showed the highest degree of polydispersity. Our future work will be focused on the investigation of droplet generation at much higher oil flow rates through the plate, which is very important in practical applications.
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